Background Chemotherapy-induced peripheral neuropathy (CIPN) continues to be a substantial problem for many cancer patients. Pursuant to promising appearing pilot data, the current study evaluated the use of vitamin E for the prevention of CIPN. Methods A phase III, randomized, double-blind, placebocontrolled study was conducted in patients undergoing therapy with neurotoxic chemotherapy, utilizing twice daily dosing of vitamin E (400 mg)/placebo. The primary endpoint was the incidence of grade 2+ sensory neuropathy (SN) toxicity (CTCAE v 3.0) in each treatment arm, analyzed by chi-square testing. Planned sample size was 100 patients per arm to provide 80% power to detect a difference in incidence of grade 2+ SN toxicity from 25% in the placebo group to 10% in the vitamin E group. Results Two-hundred seven patients were enrolled between
Introduction
Chemotherapy induced peripheral neuropathy (CIPN) is a common, and dose limiting side effect of several classes of chemotherapy agents, including taxanes, platinum agents, vinca-alkaloids, as well as single agent drugs such as thalidomide, lenalidomide, and bortezomib. The incidence in these drugs has been reported as frequent as 30-40% [1] [2] [3] [4] [5] . This can lead to dose reductions, discontinuation of treatment, and may thus, ultimately, effect overall survival.
Chemotherapy-induced neuropathy appears to be the result of axonal degeneration [2] . It may take weeks to months for this axonopathy to develop after the exposure to the offending agent, and frequently, symptoms continue even after the withdrawal of the medication; at times, it may be irreversible [2] . Typical symptoms of CIPN reported by patients include numbness, tingling, and/or pain, which generally begins in the hands and/or feet in a "glove and stocking" type pattern [3, 6] . Other symptoms reported by patients include difficulty with activities of daily living (ADLs) such as buttoning a shirt or writing, as well as difficulty walking, with a propensity to bump into objects with their feet [1] . Findings by the clinician are generally related to the parts of the peripheral nervous system that are affected. Damage to the small fibers generally leads to symptoms including burning, pain, cutaneous hyperesthesias, and loss of pain and temperature senses [2] . When the large fibers are involved, loss of vibration sense, proprioception, and reflexes, muscle weakness, and slowed nerve conduction are generally seen [1, 2, 7] .
To date there is limited information evaluating the use of pharmacologic agents for the management of CIPN. Opioid analgesics are frequently used in the clinical setting, without substantial evidence available about their overall efficacy.
Tricyclic antidepressants have been studied extensively for the treatment of postherpatic neuralgia and painful diabetic neuropathy, with efficacy being established in these populations [8] [9] [10] [11] . However, when this class of agents was studied for the treatment of CIPN, results have been disappointingly negative [6, 12] .
Other agents that have been studied and found to be helpful for diabetic neuropathy and postherpatic neuralgia have included the anticonvulsants gabapentin and lamotrigine [8-10, 13, 14] . Unfortunately, when these agents were studied in phase III settings for the treatment of CIPN, the results were again negative [15, 16] .
Recently, there has been more interest in the prevention of CIPN with studying neuroprotective agents. Early studies in this field utilized amifostine; however, these studies failed to prove a significant effect of amifostine as a neuroprotective agent for CIPN [2, 17, 18] . Two other agents, glutathione and glutamine, have also been looked at and have shown some suggestion of efficacy in preventing CIPN; however, these are small pilot trials and have not been substantiated in larger randomized clinical trials [2, [19] [20] [21] [22] [23] [24] .
Because the cause of CIPN is still poorly understood, as demonstrated by the lack of efficacy of the various agents listed previously, other theories are currently being explored. One such theory is the connection between free radicals and chemotherapy as a possible cause of CIPN. Free radicals are highly reactive compounds with one or more unpaired electron. It is believed that these are found in the body because of many physiological and pathological cellular metabolic processes [25] . Free radicals have also been referred to as reactive oxygen species and are highly reactive with many cellular compounds, for example certain membranes and DNA, which can lead to a cascade of oxidation and reduction reactions [25] . This oxidative stress reaction, under certain circumstances, can lead to structural and functional changes in healthy cells and organ dysfunction [25] . The major free radicals that are found in humans are hydrogen peroxide (H 2 O 2 ), the hydroxyl radical (OH), and the superoxide radical (O 2 − ) [25] .
Chemotherapy agents exert their antitumor effects by interacting with specific cell structures or the metabolic pathways of cancer cells [25] . Evidence exists that several classes of chemotherapy agents can lead to the generation of free radicals, both in vitro and in vivo [25] .
It has been observed that vitamin E levels are significantly reduced in patients that were treated with CDDP [26] and that the signs and symptoms of CIPN appear to resemble peripheral neuropathy symptoms in vitamin E deficiency syndromes [26, 27] . The peripheral neuropathy associated with these syndromes are characterized by similar paresthesias in a stocking and glove distribution and loss of reflexes [26, 27] .
There have been several pilot and randomized phase II studies looking at vitamin E as a possible neuroprotective agent [26] [27] [28] [29] [30] . Based on this pilot data, the current phase III double-blind, placebo-controlled trial was developed.
Methods

Patient population
Participants in this study were patients ≥18 years of age, who had all gross cancer removed (microscopic residual disease or residual margin involvement was allowed) and were scheduled to undergo curative-intent chemotherapy with either taxanes or platinum compounds. Patients had to have a good performance status (ECOG 0-2), life expectancy ≥6 months, and not have preexisting peripheral neuropathy from any cause. Prior exposure to neurotoxic chemotherapy was not allowed. Participants must also not have had any of the following conditions: coronary artery disease, congestive heart failure, diabetes (requiring pharmacologic intervention), head or neck cancers, or a history of a hemorrhagic stroke. Pregnant or nursing women were not eligible for this study. Concomitant use of anticoagulants, platelet aggregation inhibitors, opioids, anticonvulsants, tricyclic antidepressants, other neuropathic pain medication agents, or vitamin E was also prohibited. Finally, patients could not have been receiving radiation and must have agreed to use adequate birth control while on this study.
Study design
This was a multi-center phase III trial conducted through the North Central Cancer Treatment Group (NCCTG). Informed consent was obtained from all participants per federal guidelines. This study was approved by the local Institutional Review Boards at all participating institutions.
At the time of randomization, patients were stratified by the type of neurotoxic chemotherapy they were to receive (taxane vs. cisplatin vs. carboplatin vs. oxaliplatin vs. combination), by age (≤50 vs. >50 years) and by gender. Patients were then randomized by a dynamic allocation procedure that balanced marginal distributions of the above stratification factors [31] .
At study entry, patients were randomly assigned to vitamin E (dl-alpha-tocopherol) 300 mg by mouth twice daily or matching placebo by mouth twice daily (obtained from Hi-Health Corporation, Phoenix, AZ). This treatment was to be initiated within 4 days of the first delivery of neurotoxic chemotherapy and was to be continued throughout administration of neurotoxic chemotherapy and for 1 month beyond completion of the chemotherapy.
Patients were assessed at baseline (prior to starting chemotherapy and vitamin E/placebo) for peripheral neuropathy utilizing the sensory neuropathy item from the CTCAE v. 3.0 criteria. Standardized questions regarding neurotoxic symptoms and examples of answers (provided as Appendix I) were used to allow a more accurate classification of patient-reported symptoms as grade 1, 2, 3, or 4 according to NCI-CTCAE v.3.0. Patients were also assessed for baseline adverse events and completed a baseline medication log. Participants completed a symptom experience diary asking them to answer specific symptom-related questions about any peripheral neuropathic symptoms on a 0-10 scale and a neuropathy-specific questionnaire developed by the NCCTG [32] . These patient questionnaires were completed at baseline, prior to each chemotherapy treatment, and at 1 and 6 months after chemotherapy completion. Clinician-judged adverse events and peripheral neuropathy assessment was also completed at these same time points either by telephone call or in the office. 
Statistical methods
The primary endpoint of this study was the incidence of grade 2+ sensory neuropathy (SN) as graded by the CTCAE v. 3.0 criteria. Patients who received at least one dose of assigned therapy were defined as evaluable for the primary endpoint. Evaluable patients randomized to the vitamin E were compared to those randomized to the placebo arm. The percentage rate of grade 2+ sensory neuropathic toxicity was calculated for each treatment group and compared via a test for equal binomial proportions (chi-square). Secondary endpoints included: time to onset of grade 2+ SN, duration of SN, as well as frequency of dose reductions and/or omissions. The values of patient-reported peripheral neuropathy scores on the linear analogue scales in the Symptom Experience Diary (Appendix II) and a Neuropathy Specific Question (Appendix III) were collapsed into an area under the curve (AUC) summary statistic over time for each patient (pro-rated for the number of time periods reporting) [33] . All values for each question range from 0 to 10 (with 0 being no symptoms and 10 being as bad as it can be). The average AUC for each treatment arm was compared via twosample t testing.
Two groups of 100 patients per treatment group (vitamin E vs. placebo) provided the chi-square test (0.05) 80% power to detect a difference in the primary endpoint of incidence of grade 2+ neuropathic toxicity from 25% in the placebo group to 10% in the vitamin E group. This is considered a moderate effect [34]. (Fig. 1 ). There were 11 canceled patients, one major violation, and seven ineligible patients on this study. Baseline characteristics are delineated in Table 1 . There was no difference between treatment arms in the incidence of grade 2+ sensory neuropathy, with the vitamin E arm having 34% (95% CI, 25.0-44.8%) vs. the placebo arm having 29% (20.1-39.4%), p=0.43. Similarly, there were no differences in the patient-reported secondary AUC outcomes between treatment groups (p values ranging from 0.11 to 0.88). Additionally, there was no difference between treatment arms for the AUC of the eight neuropathyspecific patient-reported outcome items ( Table 2) .
The time to onset of sensory neuropathy was calculated using reported incidences of sensory neuropathy while the patient was receiving chemotherapy. No significant difference was found between the two treatment arms for the time to the development of grade 2+ sensory neuropathy (Fig. 2) . For patients who developed grade 2+ sensory neuropathy, the median time to onset was 58 days (95% CI, 43.0-97.0) in the vitamin E arm and 69 days (49.0-105.0), p=0.58, in the placebo group.
However, the duration of sensory neuropathy seemed to trend favorably toward the vitamin E group. The duration of sensory neuropathy was defined as the time from the onset of grade 2+ neuropathy until the neuropathy had resolved to ≤grade 1 during chemotherapy treatment. The median time to resolution to ≤grade 1 sensory neuropathy in the vitamin E arm was 36 days (95% CI, 28.0-44.0). A median time to resolution could not be established in the placebo arm as only six of the 27 patients had resolution of their grade 2+ sensory neuropathy as defined above.
Additionally, we looked at incidence of sensory neuropathy based on the type of chemotherapy treatment that patients received as well by gender, age, and the planned number of treatments. There were no significant differences between the two groups when these patient characteristics were taken into effect ( Table 3) .
The vitamin E on this study appeared to be well tolerated. There were no differences between the two arms in terms of toxicity. There was one grade 4 CNS hemorrhage; however, this was on the placebo arm. There were two grade 3 events on the vitamin E arm that were attributed as possibly related to the treatment that the patients were receiving (thrombocytopenia, and hypersensitivity). In the context of systemic chemotherapy, most likely these were related to toxicity associated with chemotherapy. 
Discussion
Several small pilot studies have utilized vitamin E as a neuroprotective agent [26] [27] [28] [29] , subsequently leading to the development of this phase III trial. Pace et al. looked at this agent in a pilot study for preventing chemotherapy-induced peripheral neuropathy in patients receiving cisplatin chemotherapy [27] . This was a study involving patients who were to receive cisplatin (CDDP) at varying doses (median CDDP cumulative dose of 420 mg/m 2 ) for varying malignancies [27] . Forty-seven patients were randomized, with 27 being evaluable (20 patients withdrawing for varying reasons, most commonly disease progression), to either vitamin E (alphatocopherol) at 300 mg/day with their CDDP treatment and for 3 months after CDDP therapy ended or to CDDP treatment alone [27] . They reported a significantly decreased incidence of peripheral neuropathy in the patients who received vitamin E vs. those that received CDDP alone (31% vs. 86%) [27] . Pace and colleagues also recently published, in abstract form, preliminary evidence from the first 50 patients of a placebocontrolled trial of vitamin E (alpha-tocopherol, 400 mg per day) vs. placebo in patients who were receive CDDP [29] . They reported, in a subset of these patients who received CDDP doses greater than 300 mg/m 2 , that the vitamin E group had a lower median neuropathy score (p<0.05); at the time of this report, the clinical trial was still accruing patients.
Similar results were reported by another group in a pilot trial conducted by Argyriou et al. [28] . Forty patients were randomized to receive vitamin E (300 mg BID) vs. no intervention while receiving six courses of cisplatin, paclitaxel, or a combination of these two drugs [28] . A total of 31 patients completed treatment and were included in the data analysis [28] . The other nine patients withdrew early for various reasons [28] . Neuropathy in the intervention group (those that received vitamin E) was reported to be approximately 25% vs. 73.3% among those in the chemotherapy alone group [28] .
In addition, a small randomized phase II study enrolled 37 patients who were receiving paclitaxel-based therapy and were randomized to receive vitamin E vs. no vitamin E [30] . A total of five patients withdrew for a total of 32 evaluable patients [30] . There was a significantly lower reported incidence of neuropathy in the vitamin E group (18.7%) vs. the control group (62.5%; p=0.03) [30] .
The results from this current trial were unable to support the pre-study hypothesis that vitamin E would decrease CIPN. The data were consistent across both the primary and numerous secondary endpoints, indicating a lack of benefit for vitamin E in alleviating CIPN.
One possible reason that a difference between the two groups was not seen might be that an inadequate dose of vitamin E was used. However, this same dose was used in three of the pilot studies which suggested that it was effective at decreasing CIPN.
Another potential reason that this study did not show positive results is that the majority of patients on it were receiving paclitaxel, as opposed to cisplatin. Most of the pilot data looked at this agent decreasing cisplatin-induced neuropathy [27, 29, 35] , although one of the positive-appearing results also included patients receiving paclitaxel [30] .
Despite the lack of efficacy in preventing CIPN, there was a suggestion that vitamin E appeared to have a small effect on the duration of the CIPN. This result, however, needs to be interpreted with great caution.
Currently, there are no well-established means for preventing or treating CIPN. Hopefully, other ongoing clinical trials will able to define better options for alleviating this prominent clinical problem.
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